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Abstract

Advances in semiconductor process technology have increased integration density, which has made strong
verification techniques more important in digital circuit design. This paper introduces a method for code coverage
verification using Questa during the RTL code verification process. It first explains how code coverage works with
the Questa tool and explores two examples: a counter and a FIFO. These examples show how to find and fix design
errors in detail. This demonstrates that code coverage is an effective tool for improving the reliability and integrity
of hardware design. Lastly, the paper highlights how code coverage can enhance the completeness and integrity of
digital circuits, contributing to the stability and reliability of systems in industries like aerospace, defense, and

automotive.
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1. Code coverage &+
Table 1. Code coverage types.
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1: |always @ (posedge Clk or posedge Rst)
2: if (Rst)

EH CurState <= ST IDLE;

4: else

BE

CurState <= NextState;

%l 1. Statement coverage Ol
Fig. 1. Statement coverage example.
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: |always @ (posedge Clk)begin
if (OpClr)begin
WrAddr = 5'd0; RdAddr = 5'd0;
end
else if (OpWr)begin
Mem[WrAddr] = WrData; WrAddr = WrAddr + 1;
end
else if (OpRd)begin
RdData = Mem[RdAddr] ;RdAddr = RdAddr + 1;
end
: lend

HOoOWmao s W -

[N

&l 2. Branch coverage O |
Fig. 2. Branch coverage example.

:|if (WrEn && !'Full)

: |begin

OpWr = 1'bl;
NextState = ST_END
: |lend

s W N

I3 3. Condition
Fig. 3. Condition

coverage Ol x|
coverage example.
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Fig. 4. Toggle coverage example.
1:|assign Empty =((WrAddr-RdAddr)== 5'b00000)?1'bl:1'b0;
2:|assign Full =((WrAddr-RdAddr)== 5'b11111)?1'b1l:1'b0;
1%l 5. Expression coverage Ol X
Fig. 5. Expression coverage example.
1:|always @ (posedge Clk)
2: |begin OpWr = 1'b0; OpRd = 1'b0; OpClr = 1'b0;
3: case (CurState)
4: ST_IDLE: begin
5: OpClr = 1'bl;
6: NextState = ST_OP;
7: end
8H ST OP : begin
9: if (WrEn && !'Full)
10: begin
11: OpWr = 1'bl;
12: NextState = ST END;
13: end
14: if (RAEn && !'Empty)
15: begin
16: OpRd = 1'bl;
17: NextState = ST_END;
18: end
19: end
20 ST_END : begin
21: NextState = ST OP;
22: end
23 endcase
24: |end
2! 6. FSM coverage Ol Al
Fig. 6. FSM coverage example.
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Step 4) Optimize design files

E

a2 7. Questa AlZ8[0|M &
Fig. 7. Simulation flow in Questa.
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Step 6) Run simulation
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&l 8. Counter
Fig. 8. Counter block diagram.
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Table 2. Code coverage icons in Questa.
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1:module Counter (
2 input wire Clk, Rst,
3 output wire [4:0] Q
a:p;
5:
6: reg [2:0] countl;
7: reg [1:0] count2;
8z wire enablel;
9:] wire enable2;
10:
vl assign enablel = (countl == 3'blll) 2 1'bl : 1'bO;
Xepe2 assign enable2 = (count2 == 3'blll) 2 1'bl : 1'b0;
13:
V14 always @ (posedge Clk or posedge Rst) begin
v 15 if (Rst) begin
v 16 countl <= 3'b000;
v 17 end else begin
v 18 if (enablel) begin
v 19 countl <= 3'b000;
v 20 end else begin
v i countl <= countl + 1;
22: end
23: end
24: end
254
v 26 always @ (posedge Clk or posedge Rst) begin
v 27 if (Rst) begin
v 28 count2 <= 2'b00;
V29 end else if (enablel) begin
Xe Xr 30 if (enable2) begin
Xs[31 count2 <= 2'b00;
v 32 end else begin
v BEE count2 <= count2 + 1;
34 end
357 end
36: end
37:
v BEE assign Q = {count2, countl};
393
40: fendmodule
a8 11, =& & counter RTL =

Fig. 11. Erroneous counter RTL oode.

Enabled Coverage Bins Hits Misses Coverage
Branches 9 B 1 B8.88%
Expressions 2 1 1 5@.eex
Statements 11 1@ 1 99.90%
Toggles 14 12 2 85.71%

a2l 12, =3 ™ code coverage Zzf
Fig. 12. Code coverage result of erroneous FIFO RTL
code.
2. Counter
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3H|E counter$} 2H]E countergE AH= <1
Sbit A71¢] counterE F&3M 7} counter=
flip-flopL.2 FA =} 3H|E counter®] &9o] 2H]
counter?] 18 Fgoz AZEY, 3HE counter
7F A ol = 28] E counter’} E71EHAl H
=S l:ﬂ—/\] o7 = §l.\;].

st

E
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1: module Counter (
2t input wire Clk, Rst,
3: output wire [4:0] ©
a:ps
5:
61 reg [2:0] countl;
7: reg [1:0] count2;
8: wire enablel;
9: wire enable2;
10:
v 11: assign enablel = (countl == 3'bl1l) ? 1'bl : 1'b0;
v 25 assign enable2 = (codnt2 == AleEll) W ilsil g allis{)g
13:
v 14: always @ (posedge Clk or posedge Rst) begin
v EEE if (Rst) begin
v 16: countl <= 3'b000;
v EE end else begin
v 18: if (enablel) begin
v 19: countl <= 3'b000;
v e end else begin
v 21: countl <= countl + 1;
223 end
23: end
24: end
25
v 26 always @ (posedge Clk or posedge Rst) begin
v sl if (Rst) begin
v B count2 <= 2'b00;
v EEE end else if (enablel) begin
v EEUE if (enable2) begin
v B count2 <= 2'b00;
v EBEE end else begin
v EEE count2 <= count2 + 1;
34: end
35: end
36: end
37:
v 38: assign Q = {count2, countl};
39:
40: dmodule
Jg 18 =8 ¥ counter RTL 2=
Fig. 13. Modified counter RTL code.
[E=report ]
Coverage Report Summary Data by file
=== File: .-'hom!hhyang.-’y_]cm.-’z-t {oan- \'Er.lgll' F"!O.-"L(}WT[H v
Enabled [chrdgE Bins Misses EuuuagL
Branches 9 9 @ 1ee.eex
Expressions 2 2 @ 128 .eex
Statements 11 11 8 lge.eex
Toggles 14 14 @ 190 .00%
2% 14, =8 = code coverage Z 1t
Fig. 14. Code coverage result of modified FIFO RTL
code.

3. FIFO(First-In, First-Out)

B =Ro| A th#= DUT(Design Under Test)$l
FIFO (First-In, First-Out) T3 dolE 7} &4
AR A E e R Fxh AAg FIFOE
Y 99} Zo] A|lA"l JH o7 FE AlF(Clock, CLK)
9} ZIAl AT (Reset, RST)7F A, Ao g8 o=ze 2
712 7}s8kA 8= WrEn (Write Enable)3} ¢171&
7V5 384 &= RdEn(Read Enable)o] it dlo]E =
8H|E 9] WrData® &%, 8H]E2| RdData® =4
ok w3 Wi FIFO Ae) Al&el Fulls Empty% =
g3ty 19 9= FIFOY WF &5 tholojad s #}
A3l JeERAa 9ltk WrEn & RdEn 2132 49w
of -2 o2 FIFO7}F 7F5 ZHEAI(Full), Hlo] EX
(Empty)& ¥HestaL, ofe] wpe} dlojg| 227] = ¢7]
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1: jmodule FIFO(
2:|  input wire Clk, Rst, WrEn, RdEn,
3:|  input wire [7:0] WrData,
4:| output  wire Full, Empty,
5:| output reg [7:0] Rdpata) ;
6:
7| reg [4:0] WrAddr, RdAddr;
8:| reg [1:0] CurState, NextState;
9:| reg OpWr, OpRd, OpClr;
10:|  reg [7:0] Mem [0:31];
11:
12:| parameter ST_IDLE = 2'h0; parameter ST OP = 2'hl;
parameter ST _END = 2'h2;
13:
v 14 assign Empty = ((WrAddr - RdAddr) == 5'b00000) 2
1'bl : 1'b0;
¥ 152 assign Full = ((WrAddr - RdAddr) == 5'bl111l) ?
1'bl : 1'bO;
16:
v 17:| always @(posedge Clk or posedge Rst)
v 18: if (Rst) CurState <= ST_IDLE;
v I8 else CurState <= NextState;
20:
v 21:| always @(posedge Clk)
v 22:| begin OpWr = 1'b0; OpRd = 1'b0; OpClr = 1'b0;
v EEB case (CurState)
v 24: ST_IDLE: begin OpClr = 1'bl; NextState = ST OP; end
v E5B ST OP : begin
X: [26H if (WrEn && !'Full)
begin OpWr = 1'bl; end
X 27 if (RAEn && Empty)
begin OpRd = 1'b1;
NextState = ST_END; end
28: end
X [29% ST_END : NextState = ST_OP;
30: endcase
31:| ena
32:
v 22:1  always @(posedge Clk)
34:| pegin
v 35: if (OpClr)
begin WrAddr = 5'd0; RdAddr = 5'd0;end
v 36 else if (OpWr)
begin Mem[WrAddr] = WrData;
WrAddr = WrAddr + 1; end
x BN else if (OpRd)
begin RdData = Mem[RdAddr] ;
RdAddr = RdAddr + 1; end
38:| ena
39
40: [endmodule
(@
L:|*timescale 1ns/10ps
2:module TB_FIFO;
3:
4: localparam PBER = 2;
5: localparam HPER = (PER/2);
6: reg Clk, Rst, WrEn, RdEn;
7: reg [7:0] WrData;
8: wire Full, Empty;
9: wire [7:0] RdData;
10:
1l:  initialClk <= 1'b0;
12: always # (HPER) Clk <= ~Clk;
13:
14:| FIFO Test FIFO
15:]  (.clk (Clk),.Rst (Rst),
16: .WrEn (WrEn),.RdEn(RdEn) ,.WrData (WrData),
17: .Full (Full),.Empty (Empty),.RdData (RdData));
18:
19: initial begin
20: #(PER) Rst <= 1'bl; RdEn <= 1'bl;
21: #(PER) Rst <= 1'b0; WrEn 1'bl; WrData <= 8'hl;
22:  #(2*PER); WrEn <= 1'bl; WrData <= 8'h2;
23: # (2*¥PER) ; WrEn ; WrData <= 8'h3;
24:|  #(2*PER) ; WrEn ; WrData <= 8'h4;
25:|  #(2*PER) ; WrEn ; REn <= 1'bl;
26:|  #(4*PER); $finish; end
27:
28: |endmodule

(b)
(@ =™ ™ FIFO RTL ZE;
HAE HX|
(a)
FIFO test bench.

b =8 ™ FIFO

Erroneous FIFO RTL code; (b) Erroneous

/home/hhyang/yjeom/24_Code_Coverage_FIFO/FIFO_error.v

Enabled Coverage Hits Misses
Branches 14 1 3
Conditions 4 1 3
Expressions 2 1 1
F5M States 3 2 1
FSM Transitions 5 1 4
Statements 22 17 5
Toggles 5@ 18 48

Coverage

ity
. 8e%

+d ™ code coverage Z =}

code.

Code coverage result of erroneous

FIFO RTL
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i

Fig.

1

Ei

: fmodule FIFO(

input wire
input wire [7:0]
output  wire
output  reg

Clk, Rst, WrEn, RdEn,

[7:0]

[4:0]
[1:0]

WrAddr, RdAddr;
CurState, NextState;
OpWr, OpRd, OpClr;
Mem[0:31] ;

reg
reg
reg

reg 7:01

12:| parameter ST_IDLE = 2'h0; parameter ST_OP = 2'hl;

<

RN N NN

38:
39:

2:| begin OpWr =

WWwwwww N
=

5E

parameter ST END = 2'h2;

((WrAddr - RdAddr)
1'bl : 1'b0;
((WrAddr - RdAddr)
1'bl : 1'b0;

assign Empty = 5'b00000) 2

assign Full =

5'b11111) ?

always @(posedge Clk or posedge Rst)
if (Rst) CurState <= ST_IDLE;
else CurState <= NextsState;

always @ (posedge Clk)
1'b0; OpRd = 1'b0; OpClr = 1'b0;
case (Curstate)
ST_IDLE: begin OpClr =
ST OP : begin
if (WZEn && !Full)
begin OpWr = 1'bl;
NextState = ST_END; end
if (RAEn && !Empty)
begin OpRd = 1'bl;
NextState = ST_END; end
end
ST_END : NextState =
endcase
end

1'bl; NextState = ST_OP; end

sT_oP;

always @ (posedge Clk)
begin
if (0pClr)
begin WrAddr = 5'd0; RdAddr = 5'd0; end
else if (OpWr)
begin Mem[WrAddr] = WrData;
WrAddr = WraAddr + 1;
else if (OpRd)
begin RdData = Mem[RdAddr] ;
RAAddr = RAAddr + 1;

end

end
end

40: |endmodule

w NN

17.

17.

(@

“timescale 1ns/10ps
: module TB_FIFO;

localparam PER = 2; localparam HPER = (PER/2);

reg Clk, Rst, WrEn, REn; reg [7:0] WrData;
wire Full, Empty; wire [7:0] RdData;
integer i, data;

O Unes Wl

initial Clk <= 1'b0; always #(HPER) Clk <= ~Clk;
0:| FIFO Test FIFO (.Clk (Clk),.Rst (Rst),.WrEn(WrEn),
1: .RAEn (RdEn) , .WrData (WrData), .Full (Full),

2: -Empty (Empty) , .RdData (RdData));

4:| initial begin

#(PER) Rst <= 1'bl; #(PER) Rst <= 1'b0; WrEn <=1'b0; data=0;

for (i=0; i<=32; i=i+l)

7 begin #(4*PER) ; WrEn <= 1'bl; RdEn <= 1'b0;

8: WrData <= data; data <= data+l; end

9:|  for(i=0; i<=32; i=i+l)

begin #(4*PER) ; WrEn <= 1'b0; RdEn <= 1'bl;

for (i=0; i<=32; i=i+l)

begin #(4*PER) ; WrEn <= 1'bl; RdEn <= 1'b0;
WrData <= data; data <= data+8; end

for (i=0; i<=32; i=i+l)

begin #(4*PER) ; WrEn <= 1'b0; RdEn <= 1'bl; end

#(PER) Rst <= 1'bl; #(PER) Rst <= 1'b0;

end

7 #(PER) Rst <= 1'bl; #(PER) Rst 1'b0;

8: WrEn <=1'bl; WrData <= data;
9: #(3*PER) ; Rst <= 1'bl; #(PER) $finish; end

0: |[endmodule

(b)
(@ =™ ™ FIFO RTL ZE;
HAE HX|
(a)
FIFO test bench.

Coverage Report Susmary Data by file

File: /home/hhyang/yjeom/24_Code_Coverage FIFO/FIFO_error.v

Enabled Coverage Hits Misses Coverage
Branches 78.57%
Conditions 4 1 25.00%
Expressions 2 1 5. ee%
F5M States 3 2 66.66%
FSM Transitions 5 1 20.ee%
Statements 22 17 77.27%
Toggles Se 18 20.08%
2 i
a2 18. =4 ™ code coverage 21}

Fig.

18.

Code coverage result of erroneous
code.

b =8 ™ FIFO

Erroneous FIFO RTL code; (b) Erroneous

FIFO RTL
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